The ability to induce synchronously a single site-specific doublestrand break (DSB) in a budding yeast chromosome has made it possible to monitor the kinetics and genetic requirements of many molecular steps during DSB repair. Special attention has been paid to the switching of mating-type genes in Saccharomyces cerevisiae, a process initiated by the HO endonuclease by cleaving the MAT locus. A DSB in MATa is repaired by homologous recombinationspecifically, by gene conversion-using a heterochromatic donor, HMLα. Repair results in the replacement of the a-specific sequences (Ya) by Yα and switching from MATa to MATα. We report that MAT switching requires the DNA replication factor Dpb11, although it does not require the Cdc7-Dbf4 kinase or the Mcm and Cdc45 helicase components. Using Southern blot, PCR, and ChIP analysis of samples collected every 10 min, we extend previous studies of this process to identify the times for the loading of Rad51 recombinase protein onto the DSB ends at MAT, the subsequent strand invasion by the Rad51 nucleoprotein filament into the donor sequences, the initiation of new DNA synthesis, and the removal of the nonhomologous Y sequences. In addition we report evidence for the transient displacement of well-positioned nucleosomes in the HML donor locus during strand invasion.
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yeast mating type switching | DNA repair kinetics | nucleosome displacement | MAT switching T he integrity of eukaryotic chromosomes is under constant assault from a variety of DNA-damaging agents, the most severe being double-strand breaks (DSBs). DSBs can arise from a number of exogenous agents; however the principal source of DSBs is the process of DNA replication itself (1) . In vertebrate cells, there can be 10 or more such DSBs every replication cycle requiring homologous recombination (HR) machinery for repair.
DSBs are repaired by two major processes: nonhomologous endjoining (NHEJ) and HR; both include several different mechanisms. In budding yeast, NHEJ repair of an HO endonucleaseinduced DSB, which has 4-bp 3′ overhanging ends, can occur either via an error-free mechanism that simply relegates overhanging broken ends to restore the original sequences, or by several errorprone mechanisms that anneal one or a few base pairs in the overhanging regions to produce small deletions or templated insertions (2) . Studying yeast also provided early evidence of an "alternative NHEJ" mechanism called microhomology-mediated end-joining (MMEJ) (3) . NHEJ and MMEJ are especially important in G1 cells before chromosomal replication and thus before a lesion on one sister chromatid can be repaired by HR; but NHEJ/MMEJ can occur throughout the cell cycle (2) .
When one or both DSB ends share homology to other genomic sequences (a sister chromatid, a homologous chromosome, or a segment located ectopically), repair can occur by HR. Four major mechanisms have been described: single-stranded annealing (SSA), break-induced replication (BIR), and two types of gene conversion (GC): double Holliday junction intermediate (dHJ) pathway, which can result in crossover (CO) products, and synthesis-dependent strand annealing (SDSA), in which COs are rare. All HR types rely on proteins belonging to the RAD52 epistasis group. They all require Rad52 protein, and most require Rad51 recombinase and associated proteins Rad54, Rad55, and Rad57 (4) .
A detailed understanding of these DSB repair mechanisms has relied on the ability to induce a single site-specific DSB in a budding yeast chromosome. One can follow the appearance of intermediates and products by physically monitoring changes in DNA fragments, using Southern blots or PCR assays. In yeast, this kind of analysis was first done to analyze nonreciprocal exchange (GC) of homing intron DNA in mitochondria (5) and kinetics of meiotic CO formation (6) . Soon thereafter it became possible to explore repair in chromosomes of mitotic cells by taking advantage of HO and I-SceI site-specific endonucleases to create unique DSBs. In 1988 we began these studies, investigating both SSA and GC (7) (8) (9) , especially the GC process for which HO endonuclease apparently evolved: mating-type (MAT) gene switching (10) .
Mating type in Saccharomyces cerevisiae is dictated by two alleles, MATa or MATα, which differ from each other in the 650-bp Ya or 700-bp Yα regions that contain the promoters and most of the coding regions of MATa1 and MATa2 or MATα1 and MATα2, respectively (Fig. 1A) . MAT shares homology with two other sites located near the telomeres of the same chromosome, HMLα and HMRa. Both donors have complete copies of the mating-type genes, but these are kept silent in heterochromatin by the combined action of cis-acting silencer sequences and recruitment of the Sir2/Sir3/Sir4 histone deacetylase complex (reviewed in refs. 11 and 12). MAT switching is initiated by sitespecific HO cleavage of the single accessible site in the yeast genome at MAT; highly positioned nucleosomes at the donor loci prevent cleavage (13) . When MATa switches using HMLα as the donor, the DSB end to the right of the cut is fully homologous to a 327-bp Z1 and Z2 region in HML, whereas the left side ssDNA begins with 650 nt of nonhomologous (NH)-Ya sequence before MAT sequences encounter approximately 1,400 bp of homology (the W and X regions). MATα shares less homology with HMRa on both sides (X and Z1 only), but switching is equally efficient. Repair is highly biased so that MATa cells recombine preferentially with HMLα and MATα cells with HMRa (14-16), controlled by the cis-acting Recombination Enhancer (RE).
Normally, HO is under strict cell cycle and cell lineage control, but creation of a galactose-inducible HO gene (17) made it possible to synchronously cleave MAT in a large cell population. When we followed the fate of broken DNA ends by Southern blot analysis, we were somewhat surprised to find that MATa switching in cycling cells takes at least 1 h from the time a DSB is detected until the appearance of a new restriction fragment indicative of MATα (18) . Subsequent experiments showed there were a number of slow steps (Fig. 1B) . DSB repair depends on 5′ to 3′ resection of DSB ends, at a rate of approximately 1 nt/s (19) , to create long 3′-ended ssDNA that recruits Rad51 recombinase, which in turn initiates a search for homologous donor sequences. Resection depends on the activity of cell division kinase 1, Cdc28; thus in G1-arrested cells, when Cdc28 is inactive, DSBs are primarily repaired by NHEJ (20, 21) . Homology searching results in formation of a stand-invasion intermediate [a displacement loop (D-loop)] that allows for initiation of new DNA synthesis, which copies one strand coding the opposite mating-type information. Initiation of DNA synthesis can be monitored by a PCR assay using one primer in Yα sequences at HML and one distal to MAT, allowing amplification of a unique template created after at least 26 nt of new DNA are copied from HMLα (18). This first strand is then apparently displaced from the donor and used as a template to copy the second strand, initiated by annealing W and X sequences on the second DSB end and after NH-Y sequences are removed.
The development of ChIP made it possible to determine which proteins were associated with MAT and donor loci during DSB repair. ssDNA ends first become bound by replication factor A (RPA), a single-strand DNA binding protein complex, which is displaced during Rad51 nucleoprotein filament assembly (22) . ChIP also allowed us to see the next important step in repair: association of the Rad51 filament with the donor locus. Thus, when anti-Rad51 antibody pulled down DNA cross-linked to Rad51, we saw that Rad51 became associated with the ssDNA end much sooner than when it encountered donor DNA (23, 24) .
Switching culminates in replacement of the Y sequences and reestablishment of unbroken chromatin at MAT. Whereas the classic DNA density labeling experiment of Meselson and Stahl (25) demonstrated that normal DNA replication was semiconservative, when we used this technique to study MAT switching we found both newly copied strands at MAT; the donor was unaltered (26) . This study confirmed the conclusion drawn from a number of experiments suggesting that MAT switching occurs predominantly through SDSA, in which there would be little or no associated CO (reviewed in ref. 27 ). COs do appear at a low frequency, as revealed by creation of a deletion between MAT and HMR or a circular chromosome fusing MAT and HML (28) (29) (30) . Intermediates consistent with the observation of a low level of dHJ intermediates during mitotic GC have also been observed using the site-specific endonuclease I-SceI (31) .
Although these intermediate steps in DSB-induced mitotic recombination have been identified, most analyses were carried out with intervals of 30 min or more, making it difficult to describe the process in fine detail. Moreover, many early experiments used a GAL::HO gene carried on a plasmid, so that a significant fraction of cells lost the plasmid by the time HO was induced and did not undergo recombination. In addition, some steps that must take place during MAT switching were never examined, such as the timing of NH-Y tail clipping or the role the left side of the break plays in the repair process. Moreover there was no analysis of changes in the HML donor heterochromatic structure.
Here we report a detailed kinetic analysis of many important steps during DSB repair. In some of these experiments we used a modified strain in which both the left and right sides of the DSB are equally homologous to the donor. Other experiments use a strain modified such that only the right side of a DSB at MAT shares homology with the donor. Taken altogether the results reported herein give us a clearer picture of the sequence of events that occur during DSB repair and raise new questions for future exploration.
Results

High-Resolution Kinetic Analysis of the Intermediate Steps of MAT
Switching. To improve the resolution of early steps in MAT switching, samples were collected at 10-min intervals over 1.5 h from the time of HO induction. Kinetics were measured in strain JKM161 (HMLα MATa hmrΔ), carrying a GAL::HO gene integrated at the ADE3 locus (23) . Quantitative Southern blot analyses show MATa is cleaved in nearly 100% of the cells 20 min after inducing HO expression; 50% show DSB formation in 10 min (Fig. 2A) . DSB repair completion is initially seen 70 min after HO induction. As described below, this hour-long delay consists of a number of kinetically slow steps.
To assay intermediate repair steps we made use of ChIP using anti-Rad51 antibodies. We define the initiation point for each step as the time at which the ChIP signal is statistically significantly greater than the initial background level. Rad51 recruitment to the Z-regions at MAT begins 20 min after HO induction (Fig. 2B) . Thus, 5′ to 3′ resection sufficient to load Rad51 must occur very rapidly after DSB formation, although there is a delay that we have previously attributed to sequential loading first of RPA and then its Rad52-mediated replacement by Rad51 (22) . Rad51 starts to appear at the 5′ end of the W region, ≈2 kb away from the HO cut site on the left side of MAT, 30 min after HO induction, consistent with the resection rate (Fig. 2B) .
After Rad51 recruitment to MAT, the nucleoprotein filament searches the genome for homologous sequences. ChIP experiments can also determine the timing of Rad51 interaction with HML donor sequences, reflecting strand invasion. Rad51 was detected at HML 10 min after Rad51 was observed at MAT (Fig.  2C) . Interestingly, Rad51 association with the 5′ end of HML-W, reflecting stand invasion of the W/X regions on the left side of the DSB, was greatly delayed and reached levels much lower than that seen for HML-Z (Fig. 2C) . Although the W regions of MAT and HML do not seem to interact as rapidly as do the Z regions, it is still possible that homologous sequences closer to the 3′ end of the homologous X regions do synapse but cannot be detected using ChIP PCR primers at the 5′ end of the W region, The nascent strand is dissociated from the donor and anneals with homologous sequences on the left side of the break. 6: The nonhomologous 3′ tail is clipped off, and new DNA synthesis begins at the free 3′ ends to fill in the single-stranded gaps. 7: DSB repair is completed by ligation of the filled-in ends. In the SDSA model, all newly synthesized DNA appears at the repaired locus, whereas the donor locus remains unmodified.
1.4 kb away. To address the role of the left side of the DSB, we modified HML, as described in a later section. After a successful homology search and strand-invasion with the donor, DNA synthesis is initiated. The DNA replication machinery that initiates new DNA synthesis requires only a subset of proteins needed for normal DNA replication or for recombination-induced, leading-and lagging-strand replication (BIR) (32) (33) (34) . MAT switching does not require lagging-strand DNA polymerase-α, Mcm helicase proteins, or activation of replication by Cdc7 kinase. However, MAT switching does require Dpb11 (Fig. 3) , which plays a key role during normal DNA replication as part of a preloading complex of proteins at origins (35) . To ensure that inactivating Dpb11 did not indirectly impair MAT switching by sequestering other replication proteins at stalled replication forks [as was the case when we analyzed DNA polymerase-α (33, 36)], we arrested temperature-sensitive dpb11-1 cells (37) before DNA replication with an analog-sensitive cdc7-as3 allele at 25°C. The dpb11-1 allele was then inactivated at 37°C for 3 h before inducing HO expression. We have previously shown that blocking cells before S phase with cdc7-as3 does not impair MAT switching (20) , allowing us to test the role of Dpb11 outside of its known role in initiating DNA replication. As shown in Fig. 3 , inactivation of Dpb11 blocks completion of MAT switching. Thus, among DNA replication factors implicated in initiation of normal DNA replication, it seems that Dpb11, and presumably its associated Sld2 and Sld3 proteins, are required for initiation of repair DNA synthesis, which requires only leading-strand polymerases Polδ and/or Polε (33, 34) .
To assay initiation of repair DNA synthesis, we used a PCR method that amplifies a unique product formed only after a small extent of new DNA synthesis has occurred (18) (Fig. 2D ). Primer extension becomes apparent 70 min after HO induction, 40 min after initial detection of MAT-HML synapsis (Fig. 2D) . Thus, initiation of repair associated DNA synthesis seems to be a major rate-limiting step, possibly reflecting the time required to assemble a competent replication machine. We have not yet assayed the timing of recruitment of proliferating cell nuclear antigen (PCNA) or DNA polymerases required for MAT switching.
The SDSA model imagines that the newly copied strand is displaced from the template much as RNA is extruded from DNA during transcription. For MAT switching to be completed, copying must extend from the synapsis site in Z to at least part of the way through HML-W/X such that the displaced single-stranded W/X sequences copied from HML can anneal to single-stranded, homologous W/X region on the left side of the DSB at MAT (Fig. 1B,  step 5 ). After this strand annealing step, repair will be completed by a DNA polymerase extending the 3′ ends to fill in singlestranded gaps adjacent to MAT. Unless initial primer extension proceeds beyond the HML-W boundary, this end will be exactly homologous to MAT-W/X, allowing the 3′ end to be extended and fill in ssDNA generated by continuing 5′ to 3′ resection. However, similar to observations made in mammalian cells (38) , we observed a PCR product consistent with synthesis beyond HML-W ≈1 to 2 h after HO induction. The proportion of cells that synthesize beyond the region of homology was not determined.
When the left-side (W-X-Ya) DSB end invades HMLα it cannot effect primer extension and gap-filling until singlestranded Ya sequences, which are not homologous to the newly copied Yα region, are clipped off. This process requires Rad1-Rad10, Msh2-Msh3, Slx4, Saw1, and other components of a complex that can remove 3′-ended NH-tails in SSA and in MAT switching (39) (40) (41) (42) (43) . To measure NH-tail clipping kinetics during MAT switching, we designed two PCR primers to anneal on either side of the MAT-X-Ya junction (Fig. 2E ). In the absence of NH-tail clipping, quantitative PCR (qPCR) will measure a 50% loss of template as resection renders the region singlestranded, but clipping off the NH-tail, which destroys the PCR template, will further decrease the PCR signal. NH-tail clipping and MATα product formation occur coincidently, because NHtail fragment concentrations did not decrease below 50% until 90-120 min, although some clipping must have occurred before this, considering that ≈5% of the population had completed repair by 70 min (Fig. 2E) .
Modified System to Study the Role of the Left Side of the DSB, Containing Nonhomology, During MAT Switching. The weak and very late association of Rad51 with HML-W sequences was unexpected considering that homology to the left of the Y region is nearly five times larger than that on the right. One explanation for this lack of interaction is that the large NH-tail separating the free 3′ end of the DSB from homologous W/X sequences interferes with stable strand invasion. Rad51 filaments containing NH-tails might well synapse with homologous dsDNA, but these interactions would be unstable, because they cannot form topologically interwound plectonemic DNA structures without aid from a type I topoisomerase (44) (45) (46) . However, it is also possible that ChIP PCR primers used to detect synapsis between MAT-and HML-W regions were too far away (1.4 kb) from the DSB end to detect MAT-HML pairing within the X region, just adjacent to the NHYa tail junction. This would be especially likely if Rad51 preferentially mediates strand exchange with a 5′-3′ polarity (47, 48) .
To differentiate between a potentially unstable interaction caused by a protruding 3′ NH-tail or a decreased interaction at the 5′ end of the W region due to the polarity of Rad51-mediated strand exchange, all of W and most of X was deleted at HML so each side of a DSB at MAT shares the same amount of homology (327 bp) with HML (Fig. 4A ). This construct [HMLα(Δ327)] allowed us to position ChIP PCR primers closer to the 3′ end of X homology. This modification does not significantly affect the kinetics or efficiency of MAT switching as judged by primer extension and product formation (Fig. S1 ). In this strain, Rad51 is recruited to both the Z1-Z2 region and the truncated HML-X region 30-45 min after HO induction (Fig. 4B) , indicating that the presence of an NH-tail does not prevent synapsis between MAT-HML X-regions and that our initial experiments failed to see this association because the HML-W region does not undergo Rad51-mediated strand invasion. This is consistent with the idea that Rad51 invades then extends strand invasion in a 5′ to 3′ direction, and also with studies showing that mutated sites in HML-X are transferred to MAT much more often than those in HML-W (49).
We note that NH-tail clipping must be able to occur at the point of MAT-HML synapsis because MAT switching is still reasonably efficient when both ends of the DSB contain terminal NH sequences (39, 50) . This is further supported by the observation that MAT switching can give rise to reciprocal COs (28) thought to occur through a dHJ intermediate, whose formation would require NH-Ya tail clipping at the point of MAT-HML synapsis. To determine whether NH-tail clipping preferentially occurs at the point of MAT-HML synapsis or after the strandannealing step of MAT switching (Fig. 1B, step 5 ), we measured NH-tail clipping in rad54Δ rdh54Δ cells, which are proficient for Rad51-mediated MAT-HML synapsis but cannot initiate primer extension (23, 51, 52 ). Previously we showed that Rdh54 plays no obvious role in MAT switching and that rad54Δ and rad54Δ rdh54Δ had identical phenotypes (23) . Without Rad54 and Rdh54, PCR-amplifiable X-Ya junction DNA does not decrease below 50% (Fig. 5) , indicating that these Swi/Snf proteins are required for NH-tail clipping. The requirement for Rad54 and Rdh54 could be that NH-tail clipping preferentially occurs after the SSA step, which requires repair-associated DNA synthesis, but this result could also be interpreted as requiring formation of a plectonemic structure at the point of MAT-HML synapsis, which in vitro has been shown to require Rad54 (53). As we show below, Rad54 allows synapsis between MAT and HML but fails to remodel chromatin, which may be an indication that only paranemic strand-pairing can occur without Rad54.
Modified MAT Switching System to Study Nucleosome Remodeling During Strand Invasion. Strand invasion into HML encounters an array of highly positioned nucleosomes, one of which (nucleosome L6) presumably prevents DSB formation at HML by excluding HO access. It was therefore of great interest to monitor nucleosome remodeling within HML heterochromatin during strand invasion. MAT switching experiments were designed on the basis of those used to monitor nucleosome remodeling at active promoters (54) . We tiled PCR primers at HML such that known positions and boundaries of HML-specific nucleosomes (55, 56) could be easily identified after micrococcal nuclease (MNase) treatment (Fig. 6A) . The locations of HML nucleosomes L5-L10 before HO cleavage agree with previous data (55, 56) (Fig. 6 B-D) . Because MAT also contains Z1 and Z2 regions, primers designed to detect the L5 nucleosome position as well as the internucleosomal region between L5 and L6 within HML could also detect any nucleosomes potentially positioned in this MAT region and could be misinterpreted as nucleosomal positioning at HML. Note that one of the primers designed to detect the L6 nucleosome position at HML is homologous to Yα, so MATa sequences will not be amplified. From a similar analysis of a MATa hmlΔ hmrΔ strain (JKM139), we conclude that the MATa Z1-Z2 region is much less well protected than HML (Fig. S2) , with ≈40% of total L5 protection attributable to nucleosomes at MATa. The presence of protected sequences at MAT is only likely to affect the MNase protection profile before HO induction, because nucleosomes at MAT have been shown to be quickly remodeled or removed after DSB formation (22, (57) (58) (59) . It is possible that RPA-bound ssDNA or Rad51-ssDNA filament formed at MAT could afford some level of MNase protection, but our observation that L5-L6 internucleosomal sequences show a >70% reduction in MNase protection argues against this idea (Fig. 6B) .
Unexpectedly, nucleosome remodeling within HML is very limited during a MAT switch, although maximal nucleosome remodeling correlates with maximal MAT-HML synapsis (Fig.  6B ). This suggests that changes in MNase protection require Rad51-mediated pairing of homologous sequences. Nucleosome remodeling seems to be a coordinated phenomenon: nucleosomes L5-L10 all showed decreased MNase protection to the same extent at 75 min, the time with the greatest MNase sensitivity (Fig. 6B) . Loss of protection at these different nucleosomes proceeded with similar kinetics (Fig. S3A) . It is interesting that nucleosomes in Yα are changing before initiation of DNA synthesis. This could occur if strand invasions create extended Dloop structures; we are currently testing this possibility. The decrease in MNase protection during MAT switching is specific to HML, as indicated by a lack of nucleosome remodeling within a centromeric region (Fig. S2B) .
The relatively low level of nucleosome remodeling is unexpected if it is necessary to establish accessibility of the synapsed 3′ end of the invading MAT ssDNA to recruit replication machinery required to initiate DNA synthesis. The modest changes in nucleosome protection could be explained if the repair process quickly becomes asynchronous within a switching population in all cell cycle phases. It is also possible that nucleosome remodeling is a transient process, especially if one considers the model in which strand invasion and subsequent DNA synthesis occurs in a migrating D-loop (60, 61) . In this situation, nucleosomes could reassemble as soon as donor duplex DNA is reformed.
In an attempt to increase repair synchrony at the strand invasion step, we replaced HML W and X regions with a URA3 gene to remove all homology to the left side of MAT such that an HOinduced DSB at MAT could only be repaired by BIR (Fig. 6C) . This modification did not alter the heterochromatic state of HML because these cells were Ura − unless desilenced by nicotinamide addition (62) . We previously showed that initiation of DNA replication by BIR is delayed several hours compared with GC (63, 64) , thus a much larger proportion of the population should be in a remodeled chromatin state, awaiting initiation of new DNA synthesis. Interestingly, MAT-BIR primer extension kinetics were almost identical to those of a typical MAT switch; however, MAT-BIR product formation was significantly delayed (Fig.  S4) . Changes in MNase protection levels at HMLα(ΔW/X) during MAT-BIR indicate that alterations in heterochromatic nucleosomes are more extensive or else occur in a larger proportion of cells than during normal MAT switching (Fig. 6C) . On average, nucleosomes L5-L10 become 38.0% ± 7.1% (95% confidence interval; P < 0.0003, t test) more susceptible to MNase digestion during MAT-BIR than during normal MAT switching. The spike in MNase protection of the L6 nucleosome 45 min after HO induction observed for both MAT switching and MAT-BIR coincides with initial detection of MAT-HML synapsis, suggesting that the Rad51 nucleoprotein filament may initially impart MNase protection within this region before nucleosome remodeling. MAT-BIR results in a greater loss of MNase protection Table S1 for primer pairs and sequences). MNase only acts on DNA not bound by a nucleosome, therefore a primer pair positioned in a region bound by a nucleosome will amplify this DNA after MNase treatment. Any nucleosome remodeling will expose this DNA to MNase, resulting in a decrease in PCR signal. within the region containing L6-L10 nucleosomes, and maximal deprotection occurs at t = 120 min, 45 min later than during MAT switching (Fig. 6E) . At 60 min the extent of MNase protection in MAT switching and MAT-BIR were comparable, and by 90 min nucleosome remodeling during MAT-BIR had begun to surpass MAT switching. As with MAT switching, nucleosome remodeling during MAT-BIR was a coordinated phenomenon because all nucleosomes (L5-L10) were remodeled with similar kinetics (Fig. S3B) . The increased and sustained chromatin remodeling observed during MAT-BIR provided an excellent opportunity to study the role of chromatin remodelers during HR; to this end we deleted Rad54. We previously showed that, without Rad54, new DNA synthesis is prevented during DSB repair (23), so there should not be the flux of different chromatin states that may occur in the WT BIR context. We and others have shown that Rad54 is not required for strand invasion at HML, although the efficiency or stability of Rad51 association with HML was notably lower in rad54Δ cells (23, 51) . In our MAT-BIR experiments both WT and rad54Δ cells exhibited similar MAT-HML synapsis (Fig. 6D) . Without Rad54, some nucleosome remodeling does occur during MAT-BIR repair, but these changes were delayed 2 h compared with WT MAT-BIR and were confined to the L5 and L6 nucleosomes (Fig. 6D) . The extent of nucleosome remodeling within the region protected by the L5 and L6 nucleosomes observed in rad54Δ cells was similar to WT (Fig. 6E) , indicating that the Rad51 filament may be capable of destabilizing nucleosomes as homologous MAT and HML sequences interact. In the absence of Rad54 some internucleosomal regions actually exhibited an increase in MNase protection (Fig. 6E ). Together these data suggest that Rad54 plays an important role for remodeling donor chromatin after Rad51-mediated synapsis, although it is not necessary for synapsis.
Discussion
By analyzing MAT switching in 10-min intervals, we have provided a high-resolution picture of the DSB repair mechanism, SDSA. We confirmed our earlier finding that Rad51 is loaded on DSB ends within 30 min of DSB formation (22) . These previous results showed that 5′ to 3′ resection must also begin very rapidly, because ssDNA binding protein complex, RPA, is detected by ChIP coincident with DSB formation.
Searching for homologous sequences located 200 kb away on the same chromosome proved to be surprisingly faster than previously appreciated. Rad51 became associated with HML donor sequences only 10 min after filament formation at MAT. It is likely that the interaction between HML and MAT is unusually efficient, because their recombination is facilitated by a cis-acting recombination enhancer (RE) (15, (65) (66) (67) . We believe that RE acts by recruiting proteins that in turn bind to DSB-induced chromatin modifications in the vicinity of a DSB, thus bringing HML into close proximity to the homology-searching Rad51 filament. It is quite likely that other searches without RE, between chromosomes as well as intrachromosomally, take substantially more time to locate very small amounts of homology (327 bp for Z1/Z2) against a background of more than 10 Mb of chromosomal DNA.
The early association we see between Rad51 and the donor does not imply that this initial encounter will invariably lead to a stable strand invasion structure. There are several reasons why the Rad51 filament may initially form paranemic, side-by-side base pairings rather than a fully interwound plectonemic strand exchange. This would enable the process to be transiently reversible. Thus, if a DSB in a repeated sequence led to the situation whereby each Rad51-coated end collided with a different repeat (one with HMR and one with HML, for example), a delay in forming stable structures could allow one or both ends to dissociate and make another attempt to find homology. Indeed this step seems to be regulated in budding yeast by the recombination execution checkpoint (REC), which delays initiation of new DNA synthesis (and possibly plectonemic strand invasion structures) until both ends of a DSB are engaged on the same template (63) .
Strand Invasion and Chromatin Remodeling. Successful strand invasion involves not simply the challenge of the Rad51 nucleoprotein filament searching for a short region of homology; the search takes place in the context of chromatin. This problem is especially acute when MAT sequences must find and invade homologous sequences in highly positioned nucleosomes at HML or HMR. Here we have been able to visualize changes in nucleosome positioning/occupancy during strand invasion. These changes seem to be quite transient in populations capable of quickly initiating new DNA synthesis but can be maintained for a longer period when initiating new DNA synthesis is delayed by the REC where only one side of the DSB shares homology to donor sequences. Still, loss of MNase protection is only partial, with approximately 40% of the initial level remaining. This could reflect the idea that strand invasion is a reversible step until there is some sort of "commitment" to initiating new DNA synthesis. Strand invasion reversibility might be tied to the action of Mph1 and Srs2 helicases, both of which play key roles during SDSA. It is also possible the Rad51 filament adds some protection against MNase digestion, but there is no equivalent increased protection in the L5-L6 internucleosomal region. This lack of increased protection between nucleosomes also suggests that nucleosomes are not repositioned by simply sliding.
A very important finding was the lack of nucleosome displacement in rad54Δ cells even though Rad51 efficiently associated with HML. Rad54 has been suggested both to promote plectonemic interwinding of the invading strand as well as to displace Rad51 from the 3′ end of the invading strand to facilitate recruitment of DNA polymerase (53, 68) . The results we present here suggest that Rad54 is required before replication machinery recruitment, namely remodeling nucleosomes within the donor locus. It should now be possible to ask about the roles of other chromatin remodeling complexes in strand invasion.
Initiation of New DNA Synthesis. There is a striking 40-min delay between initial detection of Rad51-mediated strand exchange and observable primer extension initiation. Some of this delay may reflect the reversible nature of the initial Rad51 filament-donor encounter, although a significant part of this delay may arise from the need to assemble a DNA replication complex in the absence of proteins typically required to initiate replication at origins. Indeed, many proteins required to open up origins, assemble DNA polymerases, and aid in subsequent strand copying are not required for MAT switching, including Mcm2-7/GINS/Cdc45 helicase proteins and Cdc7 kinase (32) . However, as we show here, Dpb11, a key player during normal DNA replication at the preloading complex step along with Polε and GINS complex, is clearly required during MAT switching. However, we know that GINS is not required and Polε is dispensable, because a temperaturesensitive mutation of Polε is still able to switch, presumably by recruiting Polδ (33) . Precisely how Dpb11 works in DSB repair remains to be elucidated.
One of the striking findings about MAT switching is that the DNA copying process exhibits a 1,400-fold increase in mutation rate (34, 69) . Many of these events are best explained by dissociation of the nascent strand from its template, despite the presence of PCNA, leading to several characteristic mutations: −1 frame shifts, complex events mediated by quasipalindrome formation on the partially replicated strand, and even interchromosomal template switches (34) . We note that a similar low DNA polymerase processivity has been suggested from DSB repair in Drosophila (70) .
Previously White and Haber (18) , using a plasmid-based HO system, found that there was a 30-min delay between new DNA synthesis initiation and MAT switching completion. Here, in a situation whereby GAL::HO is chromosomally integrated and virtually all cells form a DSB, we did not observe this delay. This was confirmed by assaying the appearance of the MAT-X-Yα junction (Fig. S5) . Whether this PCR assay detects primer extension off the 3′ end of the DSB left side using HML W/X as a template, or the completion of MAT switching itself, cannot be determined. Regardless, coincident appearance of this PCR product with product assayed by Southern blot indicates that these later MAT switching steps occur in rapid succession. The difference between White and Haber (18) and the results reported here may stem from the fact that White and Haber analyzed these steps in synchronized cells, released from α-factor-induced G1 arrest, whereas the assays reported here were carried out on cycling cells.
Nonhomologous Tail Removal and Later Steps in Repair. In the asynchronous cells used in our experiments, joining of the left side of the break (W/X) to Yα donor sequences becomes apparent at 70 min, the same time we observe primer extension from the Z end. It is not clear whether the initial PCR product that detects this joining represents strand invasion of the left end into the donor or whether it arises from primer extension of the left end after annealing to the displaced first strand. In either case, Ya sequences at the end of the DSB must be removed before the W/X 3′ end can be extended into Yα. A key question is when removal of the NH-3′ ended tail occurs. Our observation that NH-tail clipping is nearly eliminated in rad54Δ cells (Fig. 5 ) could mean that tail clipping occurs after new DNA synthesis has extended the first end, allowing annealing to the second end that did not necessarily invade the donor, but because rad54Δ also fails to promote nucleosome displacement during strand invasion it is also possible that synapsis of the W/X region with the donor does not provide a sufficiently stable structure to promote tail clipping by Rad1-Rad10 and its associated factors. Interactions between homologous sequences within topologically constrained dsDNA and ssDNA containing NH-tails have been shown to be unstable, likely owing to an inability to form plectonemic structures (44) (45) (46) . We conclude that 3′ tail removal most likely depends on new DNA synthesis from the end with perfect homology to provide a new strand that can pair with and promote tail clipping when the free ends are not constrained to intertwine, as in strand annealing.
Known Unknowns of MAT Switching in Budding Yeast. There are still many steps in the process of DSB repair by GC that need to be explored. Exactly what happens to the nucleosomes harboring donor DNA during strand invasion? Similarly, how are nucleosomes reestablished at MAT after repair is complete? We recently showed that repair can be completed in the absence of known histone H3 chaperones, Asf1, and the chromatin assembly factor (CAF) complex (71) , but if the process is slow enough to trigger cell cycle arrest by the DNA damage checkpoint (e.g., in interchromosomal HR), then cells lacking these chaperones are unable to resume cell cycle progression. This result suggests these chaperones play a role in chromatin reassembly; but to look at this we will need a MAT locus with better-positioned nucleosomes that will at the same time not prevent HO cleavage.
Moreover, we still need a full accounting of the proteins required to initiate new DNA synthesis and an understanding of the kinetics and order of assembly of these factors at the D-loop.
Another mystery concerns the specific roles of both Srs2 and Mph1 helicases during SDSA. The absence of Srs2 causes a marked reduction in successful recombination, whereas loss of Mph1 seems to channel most DSB repair events into an alternative DSB repair process including formation of dHJs and the possibility of GC associated with COs (72) . Both of these helicases have been implicated in preventing formation or dismantling D-loops, but do they also play a role in unwinding newly synthesized DNA from its template, and would nucleosome rearrangements of the donor be affected by deleting them?
Studying Recombination Events in Detail in Other Eukaryotes. The use of site-specific endonucleases to create a large enough population of cells undergoing synchronous repair to monitor in ways that have been so successful in budding yeast has yet to be accomplished, although DSBs have been induced by HO or I-SceI enzymes in fission yeast, fruit flies, and mammalian cells (73) (74) (75) . The excision of transposable elements has also been used, but again not with the kind of synchrony required for physical monitoring of repair (70, 76) . Use of steroid-regulated I-SceI has shown potential to create a DSB synchronously (77) . Interestingly, a recent study using electroporation of linearized dsDNA into mammalian cells that contain a homologous chromosomal donor found nascent DNA formed by polymerizing 3′ ends of invading strands within 30 min (78), which is actually faster than we see in budding yeast. It will be necessary to develop more synchronous HR systems in higher organisms to better compare the mechanism of DSB repair in budding yeast and more complex eukaryotes.
Materials and Methods
Strains and molecular methods used to analyze recombination are detailed in SI Materials and Methods. The methods used to monitor MAT switching by Southern blot, PCR, and ChIP have been previously described (22, 23) . Monitoring removal of NH-ssDNA tails from DSB ends was based on methods described previously (79) . Chromatin analysis by MNase was based on methods described previously (54) .
